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SECTION  1 


INTRODUCTION  AND  PROBLEM  DEFINITION 
1.1  INTRODUCTION 

In  previous  work  on  the  development  of  Integrated  Analysis  Techniques  (IAT)  for  the 
analysis  and  design  of  C3  systems  [1],  we  developed  a  framework  for  the  representation  and 
analysis  of  these  systems  consisting  of: 

•  A  hierarchical  method  for  describing  a  C3  system  along  the  four  dimensions  of 
process,  resource,  organization,  and  goal,  and 

•  A  mathematical  construct  for  C3  system  modeling  and  performance  analysis: 
stochastic,  timed,  attributed  Petri  nets  (STAPNs). 

We  subsequently  identified  the  need  for  a  user-friendly,  highly  automated  tool  for  C3  system 

analysis  and  design,  and  developed  a  specification  for  one  form  of  the  tool  [4],  More  recently, 

we  developed  a  PC-based  tool  to  support  the  decomposition  of  the  process  and  resource 

dimensions  of  IAT  [3],  and  demonstrated  a  technique  for  representing  the  organizational 

dimension  via  STAPNs[4]. 

In  this  report  we  address  the  remaining  goal  dimension  of  IAT.  Specifically,  we  view 
the  goal  of  the  system  as  consisting  of  subgoals  associated  with  processes  performed  by 
resources  within  the  system.  The  goal  for  each  process  has  two  components:  accuracy  and 
timeliness.  The  accuracy  component  for  each  process  is  met  by  stipulating  the  amount  of  time 
the  various  capable  resources  will  require  to  complete  the  process,  leaving  the  remaining  goal 
of  timeliness  free.  In  the  sequel  we  introduce  a  prototype  tool,  Mapper,  that  maps  the  pro¬ 
cesses  onto  the  capable  resources  in  such  a  way  as  to  minimize  the  completion  time  of  the  last 
process  in  a  mission,  and  also  illustrate  a  modeling  and  sensitivity  analysis  technique  using 
Petri  nets. 
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1.2  DEFINITIONS 

A  military  mission  may  be  defined  as:  1)  a  set  of  military  objectives  or  goals  to  be 
attained  (e.g.,  defend  a  geographic  sector);  and  2)  specification  of  the  organizational  elements 
or  units  (e.g.,  regiments,  task  forces)  that  will  attain  the  mission  goals.  Each  organizational 
element  has  certain  limited  resources  available  to  it  (e.g.,  humans,  computers,  ships,  aircraft, 
tanks,  artillery,  communications  gear) ,  and  is  trained  to  carry  out  selected  military  functions, 
tasks,  or  processes  (e.g..  situation  assessment,  planning,  anti-terrorist  activities,  mine-laying, 
precision  bombing). 

In  an  earlier  report  [1]  we  demonstrated  that  analysis  and  modeling  of  C3  systems 
requires  these  four  separate  but  related  dimensions  of  description.  Minimally,  we  define  them 
as  follows: 

•  Resource:  a  physical  mechanism,  a  human,  a  geographic  location,  or  a  node 

•  Process:  an  automated  function,  a  human  task,  a  procedure,  or  an  algorithm 

•  Organizational  element-  a  subdivision,  a  unit,  or  an  individual 

•  Goal:  a  performance  objective,  or  an  intended  result 

The  requirement  for  aggregation,  along  with  its  dual  requirement  for  decomposition, 
was  found  to  apply  equally  well  to  all  four  dimensions.  Thus,  an  entire  trained  and  equipped 
armored  division  with  all  its  tanks,  artillery,  personnel,  and  armored  personnel  carriers  may  be 
considered  as  a  single  resource  by  a  high-level  headquarters;  the  process  of  air  defense  of  an 
area  may  involve  thousands  of  sub-processes  (i.e.,  functions  or  tasks),  some  carried  out  by 
humans  and  others  by  computers,  radars,  missiles  and  aircraft;  and  so  on.  In  addition,  the 
level  of  descriptive  detail  required  for  C3  system  modeling  and  analysis  necessitates  the  ability 
to  decompose  a  system  along  all  four  dimensions  in  a  consistent  manner,  while  retaining  the 
critical  interrelationships  among  them. 

At  any  level  L  in  the  C3  system  decomposition,  it  is  necessary  that: 

•  A  process  description  contain  references  to:  1)  the  input  and  output  functional 
dependencies  between  itself  and  those  other  processes  at  the  same  level  of 
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decomposition  with  which  it  is  directly  related;  2)  the  resources  required  for  its 
performance;  3)  the  organizational  element  responsible  for  monitoring  and/or 
controlling  the  process;  and  4)  the  goal  (i.e.,  performance  requirement)  that  the 
pro^ss  must  meet. 

•  A  resource  description  contain  references  to:  1)  the  physical  connectivities  between 
itself  and  those  other  resources  at  the  same  decomposition  level  required  to  support 
the  process(es)  to  which  it  is  assigned;  2)  the  process(es)  which  that  resource  is 
assigned  to  support;  and  3)  the  organizational  element  responsible  for  the  resource. 

•  An  organizational  element  description  contain  references  to:  1)  the  lines  of 
authority,  response  y  and  coordination  between  itself  and  those  other 
organizational  elements  both  at  the  same  and  at  higher  and  lower  decomposition 
levels,  as  required  to  attain  the  assigned  goal(s);  2)  the  goal(s)  for  which  it  is 
responsible;  3)  the  resources  assigned  to  it;  and  4)  the  processes  which  it  is 
responsible  for  controlling  and/or  monitoring. 

•  A  goal  description  contain  references  to:  1)  the  higher-level  goal  of  which  it  is  a 
part,  as  well  as  th^  lower-level  goals  which  must  be  met  in  the  interests  of  its  own 
attainment;  2)  the  organizational  element  responsible  for  its  attainment;  and  3)  the 
process(es)  for  which  that  goal  is  a  performance  requirement 

This  cross-referencing  is  accomplished  by  means  of  assignment  matrices.  A  set  of  possible 

relationships  among  the  four  dimensions  is  shown  in  Table  1-1. 


TABLE  1-1.  RELATIONSHIPS  AMONG  THE  FOUR  DIMENSIONS 


REPRESEN 

TATION 

DESCRIPTOR 

tsMsmsm 

PROCESS 

RESOURCE 

ORGL  ELT 

GOAL 

ISA 

Is  known  as 

(name) 

(name) 

(name) 

(name) 

AKA 

Also  known  as 

(name) 

(name) 

(name) 

(name) 

POE 

Part  of 

PLi  €  PL1j 

RLj  g  RL-1j 

04  e  CMj 

GLi  e  GL1j 

COF 

Consists  of 

pLi={PL+lj} 

RLi={RL+lj} 

O^OL+lj} 

GLi={GL+lj} 

STO 

Sends  to;  etc. 

[PhxPLj] 

[RLiXRLj] 

[O^xOLj] 

RFM 

Revs  from;etc. 

[PhxPLj] 

[RLi*RLj] 

[OLix0Lj] 

ATO 

Assigned  to 

[RLixPLj] 

[PhxOLj] 

[RLixOLj] 

[CMixOLj] 

[GLi  x  PLj] 
[GL;xOLj] 

AST 

Assignable  to 

(RLi  x  PLj]* 
[PLi  x  0^]* 

[RLi  x  QLj]* 

[O^i  x  QLj]* 

[GLi  x  PLj]* 
rGLixohi* 

Notes:  •  Superscript  =  level  of  decomposition 

•  Subscript  =  index 

•  Read  as  “i-th  resource  at  level  L” 

•  Read  [A  x  B]  as  "A  sends  to  etc.;  receives  from  etc.;  or  is  assigned  to  B” 

•  Read  [A  x  B]*  as  “A  is  assignable  to  B” 

•  Read  GL,  e  G^j  as  “goal  i  at  level  L  is  a  part  of  goal  j  at  level  L-l 
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1.3  PROBLEM  STATEMENT 


A  hypothetical  analysis  tool  for  iteratively  defining  an  organizational  structure  and 
allocating  sequences  of  processes  to  that  structure  might  appear  as  shown  in  Fig.  1-1.  The 
"mission  generator”  creates  a  set  of  possible  missions.  Then  we  assume  an  organizational 
structure  with  its  structural  constraints  (communication  constraints,  hierarchical  constraints, 
etc.)  and  we  assign  all  the  generated  missions  to  that  organizational  structure.  With  a  set  of 
performance  criteria  we  evaluate  the  assignments,  we  change  the  organizational  structure  and 
reassign  the  missions  to  the  new  organizational  structure.  We  repeat  the  process  until  the 
organizational  structure  meets  the  performance  criteria. 


Figure  1-1.  Processes  Required  in  the  Design  of  an  Organizational  Structure. 


The  present  report  addresses  the  problem  of  optimal  mapping  of  processes  onto 
resources,  some  of  which  may  be  organizational  elements,  in  order  to  meet  specified 
performance  objectives  or  goals  while  taking  into  account  various  types  of  constraints 
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(i.e.,  organizational,  resource,  communication,  and  coordination).  Stated  another  way,  the 
solution  to  this  mapping  problem  defines  the  goal  and  process  \TO  matrices  in  Table  1-1.  For 
the  system  in  Fig.  1-1  we  *uc  attempting  to  solve  only  the  mapping  problem.  While  the  design 
of  an  optimal  organization  is  not  considered  in  this  report,  the  technique  does  provide  a  means 
for  evaluating  alternative  organizations  with  respect  to  their  ability  to  meet  mission  needs. 

In  order  to  demonstrate  the  ability  of  the  optimal  mapping  technique  to  address  the 
assignment  of  processes  to  resources  in  a  military  organization,  an  example  is  developed  using 
the  Tactical  Air  Force's  Control  and  Reporting  Center  (CRC).  Finally,  a  sensitivity  analysis 
technique  using  Petri  nets  is  illustrated. 
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SECTION  2 


MAPPING  PROCESSES  ONTO  C3  ORGANIZATIONS 
2.1  INTRODUCTION 

The  goal  of  a  military  organization  is  to  accomplish  assigned  missions  successfully  and 
efficiently.  To  evaluate  how  successful  and  efficient  an  organization  is,  we  decompose  the 
mission  into  specific  processes  with  the  constraint  that  the  processes  have  to  be  completed  in  a 
certain  order  (i.e.,  according  to  a  plan).  The  organization  is  also  decomposed  into  individual 
operating  elements  or  units  (humans,  groups  of  humans,  etc.)  with  assigned  resources.  The 
communication  links  between  these  resources  define  the  hierarchy  in  the  organization;  in 
general,  resources  have  different  capabilities  and  perform  some  processes  better  than  others. 

Assume  that  a  sequence  of  processes  must  be  completed  by  a  C3  organization.  The 
sequence  in  which  the  processes  are  to  be  completed  can  be  represented  by  a  finite,  acyclic, 
directed  graph. 


Gp  =  (Vp,  Ep)  with  [Vp]  =  N  (2-1) 

where  Vp  is  the  set  of  nodes  in  the  graph  denoting  processes  and  Ep  the  set  of  edges  (ordered 
pairs)  denoting  data  dependencies.  Without  loss  of  generality  one  can  assume  that  there  is  a 
starting  process  Pi  and  a  terminal  process  Pp  Note  that  the  process  graph  is  a  generalization  of 
the  POF  and  COF  resource  matrices  that  stipulates  precedence  relationships  among  the 
processes.  The  process  graph  can  also  be  viewed  as  a  means  of  defining  subgoals  (i.e., 
subprocess  objectives)  from  an  overall  mission  goal. 

The  organization  performing  the  processes  can  be  represented  by  an  undirected  graph 

Gr  =  (Vr,Er)  with  [Vr]  =  M  (2-2) 
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where  Vr  is  the  set  of  nodes  in  the  graph  denoting  resources  and  E,-  is  the  set  of  edges  (pairs  of 
nodes)  denoting  communication  links.  Note  that  the  resource  graph  is  a  symmetric  form  of  the 
STO  and  RFM  resource  matrices. 

Figure  2-1  shows  an  example  of  a  process  graph  and  an  example  of  a  resource  graph. 
In  this  example  one  would  represent  the  two  graphs  as  follows: 


Gp=(Vp,  Ep) 

(2-3) 

Vp=  {Pl,P2,P3,P4,Ps,P6,P7} 

(2-4) 

Ep  =  {(Pl-^P2),(Pl^P3),(P2-»P4).(P2-P5),(P3->P5),(P3->P6),(P4-»P7),(P5-»P7),(P6->P7) }  (2-5) 

Gr=(Vr,Er)  (2-6) 

Vr=  {Ri,R2,R3,R4}  (2-7) 


Er=  {(Ri,R2),(Ri,R3),(Rl,R4).(R2.R3)}  (2-8) 

where  Pi  is  the  starting  process  and  P7  is  the  terminal  process.  The  process  graph  defines 
precedence  constraints;  for  example  process  Pi  has  to  finish  first,  then  P2  and  P3  can  start  and 
process  P5  can  proceed  after  the  completion  of  P2  and  P3,  etc.  With  the  resource  graph  one 
can  define  the  hierarchy  and  communication  paths  between  resources.  For  example,  resource 
Ri  can  communicate  directly  with  all  the  other  resources,  but  R2  cannot  communicate  directly 
with  R4. 

In  addition  to  the  precedence  constraints  defined  by  the  directed  edges  in  the  process 
graph,  each  process  has  the  following  characteristics  (also  summarized  in  Table  2-1): 
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Figure  2-1.  Example  Process  and  Resource  Graphs. 


TABLE  2-1.  PROCESS  CHARACTERISTICS 


PCI: 

Graph  of  processes  with  precedence  constraints 

Gp  = 

(Vp,  Ep) 

PC2: 

Amount  of  information  transmitted  from  process  Pi  to  Pj 

Vij 

PC3: 

Number  of  resources  required  to  complete  process  Pi  (same  starting  time) 

ni 

PC4: 

Process  difficulty 

di 

PC5: 

Consistency/Continuity  constraint 

_ 

a)  Amount  of  information  transmitted  between  processes.  For  example,  with  the 
process  subgraph  of  Fig.  2-2  process  P*  cannot  start  unless  process  Pi  and  process 
Pj  are  completed.  A  certain  amount  of  information  has  to  be  transmitted  from 
processes  P,  and  Pj  to  enable  process  P*  to  proceed.  It  is  clear  that  process  Pk  has 
to  be  connected  with  processes  Pi  and  Pj  in  the  process  graph,  with  directed  edges 
so  they  can  communicate.  Depending  on  the  type  of  exchanged  data,  one  could 
define  a  metric  to  consistently  represent  the  amount  of  transmitted  information. 


Figure  2-2.  An  Example  of  Process  Precedence. 
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b)  To  complete  certain  processes  you  mav  have  to  use  more  than  one  resource.  We 
assume  that  these  multiple  resources  will  start  operating  at  the  same  time  for  each 
process.  For  example,  let  us  assume  that  one  of  the  processes  in  a  mission  is  to 
have  a  conference  of  three  officers  to  assess  a  situation.  In  such  a  case,  more  than 
one  resource  (officer)  is  needed  to  complete  the  process. 

c)  Process  difficulty  is  a  discrete  variable  representing  the  mental  or  physical 
requirements  of  the  process.  A  metric  is  required  to  classify  the  different  levels  of 
physical  effort,  mental  effort,  and  stress  induced  by  the  process.  As  an  example, 
one  could  classify  the  processes  as  "light"  with  difficulty  of  .5,  "average"  with 
difficulty  of  1  and  "heavy"  with  difficulty  of  2.  With  such  a  metric  one  can  impose 
the  following  constraint:  A  resource  can  only  perform  6  average  or  3  heavy  or  12 
light  processes  in  a  given  time  period.  The  quantization  of  process  difficulty  and 
the  relation  of  the  difficulty  of  one  process  to  the  others  depends  on  the  specific 
application.  Even  though  the  relative  difficulty  of  the  processes  is  important,  the 
actual  metric  used  is  arbitrary.  In  the  previous  example  one  could  have  as  scales  of 
process  difficulty  1, 2, 4  instead  of  .5, 1,  2  and  a  resource  constraint  of  12  average 
processes  instead  of  6. 

d)  Certain  processes  may  be  similar  in  nature  and  may  be  required  to  be  performed  by 
the  same  resource.  A  consistencv/continuitv  constraint  has  to  be  introduced  where 
we  define  sets  of  processes  gk  with  the  requirement  that  a  single  resource  has  to 
perform  all  the  processes  in  each  set.  As  an  example,  if  we  define  the  following 
two  sets, 


gl  =  {Pl.P2.P4} 

(2-9) 

g2=  {P3,P5} 

(2-10) 

we  indicate  that  the  processes  in  set  gi  have  to  be  completed  by  a  single  resource. 
The  processes  in  set  g2  also  have  to  be  completed  by  a  single  resource  (which  can 
be  different  from  the  resource  performing  the  processes  in  gi). 


In  addition  to  the  superimposed  organization  structure,  the  resources  have  the  following 
characteristics  (also  summarized  in  Table  2-2): 

a)  Time  required  for  resource  Rp  to  complete  process  P;.  One  can  define  a  matrix  with 
time  entries  for  all  the  possible  resource-process  combinations.  If  a  resource  Rp 
cannot  or  should  not  perform  the  process  P;  (i.e.,  the  corresponding  element  of  the 
resource  x  process  AST  matrix  is  zero),  then  the  time  required  for  the  resource  Rp 
to  complete  process  Pj  is  °°  (or  a  relatively  large  number). 

b)  The  communication  rate  between  resources  Rp  and  R<j  is  measured  in  message- 
units/sec.  The  communication  rate  (|ipq)  can  be  affected  by  the  distance  between 
resources,  the  equipment  available  to  them,  their  expertise  and  experience,  etc.  If 
two  resources  are  not  connected  by  a  communication  link  in  the  resource  graph 
(i.e.,  the  corresponding  elements  of  the  STO  and  RFM  resource  matrices  are  zero), 
then  we  define  the  path  between  them  such  that  the  communication  rate  between 
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TABLE  2-2.  RESOURCE  CHARACTERISTICS 


OC1: 

Graph  of  resources  with  precedence  constraints 

Gr  =  (Vr,Er) 

OC2: 

Time  required  for  resource  Rp  to  complete  process  Pj 

tip 

OC3: 

Communication  rate  between  resources  Rp  and  Rq 

Mpq 

OC4: 

Workload  capacity 

4 

resource  Rp  and  resource  Rq  is  minimum.  That  is  the  path  (p  r*  r*  . . .  r*  q)  is 
selected  such  that: 


-l 

^pq=  ““ 


rl...rn 


.  1  1  ,  ,  1  1  . 
( - +  .  .  .  + - )  =  ( - +  .  .  .  + - ) 


^Pri 


rnq 


pu 


rnq 


(2-11) 


where  (pri ...  rnq)  are  all  the  paths  connecting  resource  Rp  and  resource  Rq. 

For  example  in  the  resource  graph  in  Fig.  2-1,  resources  R2  and  R4  are  not  con¬ 
nected  directly  so  the  minimum  existing  path  and  the  communication  rate  p.24  are 
defined  by 

p24  =  min  [(  —  +  —),(—  +  —  +  —  )]  (2-12) 

(2.1.4) ,  ^2,1  ^14  ^2.3  ^3-t 

(2.3. 1.4) 

where  the  path  that  leads  to  the  minimum  communication  rate  p.24  is  either  (2, 1, 4) 
or  (2,  3,  1,  4)  depending  the  communication  rates  p.2,1  >  JJ.1,4, 1*2,3*  and  p.34. 

In  the  event  that  no  connecting  paths  exist  between  two  resources,  the 
communication  rate  between  those  resources  is  0. 

c)  The  limit  on  the  processes  performed  by  a  resource  is  a  constraint  on  the  total 
amount  of  work  that  the  resource  is  capable  of  performing.  This  is  an  indirect  way 
to  model  the  workload  capacity  of  the  resource.  The  limit  should  be  defined  in 
accordance  with  the  process  difficulty  metric  defined  previously. 


After  a  mission  is  translated  to  a  sequence  of  processes,  the  problem  that  the  C3  analyst 
faces  is  to  allocate  these  processes  to  the  resources  so  that  the  completion  time  of  the  final 
process  is  minimized  and  at  the  same  time  none  of  the  constraints  is  violated.  In  the  sequel  we 
will  formulate  the  problem  in  detail. 
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2.2  FORMULATION  OF  THE  MAPPING  PROBLEM 

Assume  that  resource  Rp  is  assigned  to  perform  a  certain  sequence  of  processes.  This 
sequence  will  be  denoted  as  a  set  of  ordered  pairs 


Qp  —  { (Pn>Snp)i  •••»  (Pm»S  mp  )}  (2-13) 

where  Pn,..,Pm  are  the  processes  to  be  performed  by  Rp  and  snp,...,smp  are  the  starting  times 
of  the  corresponding  processes.  That  is  to  say,  Rp  will  start  performing  process  Pn  at  time  snp, 
etc.  For  example  in  the  time  diagram  of  Fig.  2-3,  resource  R2  will  start  performing  process  P2 
at  time  S2,2.  and  then  at  time  s^  process  P4  will  begin,  etc. 


Figure  2-3.  An  Example  of  a  Timing  Diagram  for  Resource  R2. 


The  objective  is  to  find  the  order  of  process  completion  for  each  resource  (Qp ,  Vp) 
such  that  the  completion  time  Ct  =  Stp  +  ttp  of  the  terminal  process  Pt  is  minimized 


min  (stp  +  ttp) 


Rp e  vp 


(2-14) 


subject  to  the  following  constraints: 

a)  Each  resource  Rp  requires  tnp  amount  of  time  to  complete  process  Pn  and 
each  resource  can  perform  only  one  process  at  a  time. 

b)  If  resource  Rp  is  performing  process  Pj  and  resource  Rq  is  performing 
process  Pj  and  process  P;  precedes  process  Pj  in  the  process  graph,  the 
following  must  hold: 

sjq  ^  sip  +  lip  + 


(2-15) 


In  addition,  each  communication  link  can  transmit  only  one  message  at  a  time. 
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c)  The  processes  allocated  to  a  resource  should  not  violate  the  workload  capacity  of 
the  resource.  More  specifically  the  following  must  hold: 

S  dj  <  Lp  Vp=l,2,...,M  (2-16) 

(Pi^p)eQp 

d)  If  many  resources  (nO  are  required  to  complete  a  process,  we  assume  they  must 
overlap  at  some  time.  The  current  version  of  the  algorithm  assumes  that  all  the 
resources  have  to  start  that  process  at  the  same  time.  Specifically: 

Vi,p,q  if  (Pi,sip)  e  Qp  and  (Pi,siq)  e  Qq  then  sip=siq  (2-17) 

and  process  Pi  will  be  processed  by  exactly  n;  resources.  (Note:  This  constraint 
was  specifically  incorporated  to  represent  group  decisionmaking,  conferences,  etc. 
There  are  a  variety  of  other  ways  in  which  similar  notions  may  be  captured  in  future 
modifications  to  Mapper.) 

e)  All  processes  that  are  similar  in  nature  have  to  be  completed  by  the  same  resource. 
As  stated  previously,  each  set  gk  consists  of  processes  that  are  similar.  The 
resource  allocation  should  be  such  that  for  all  the  processes  in  gk  there  exists  a 
resource  Rp  that  can  execute  them.  To  be  more  specific: 

Vgk  3p  such  that  VPj  e  gk  (Pj,sip)  e  Qp  (2-18) 


It  is  also  assumed  that  a  resource  can  perform  a  process  and  communicate  with  another 
processor  simultaneously  (in  parallel).  If  the  resources  happen  to  be  airplanes,  ships,  comput¬ 
ers,  etc.,  this  may  be  a  realistic  assumption,  but  for  human  resources  this  may  not  be  the  case. 
In  future  work  we  should  relax  this  assumption  so  that  some  resources  can  do  the  communica¬ 
tion  and  processing  only  sequentially. 


2.3  SOLUTION  OF  THE  MAPPING  PROBLEM 

2.3.1.  Computational  Complexity 

To  illustrate  the  problem  complexity,  consider  the  case  when  there  are  no  constraints  on 

workload  capacity  or  consistency/continuity,  with  the  same  starting  time  for  processes  that 

have  to  be  performed  by  multiple  resources.  Then  the  total  number  of  different  allocations  of 

"ll1 

M  resources  for  a  process  is  ]J[  (M-a).  The  execution  order  of  the  N  processes  (i.e.,  the 

a  =  0 

number  of  possible  execution  sequences  of  processes)  is  upper  bounded  by  N!.  Therefore,  the 
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n  nr 1 

total  number  of  different  allocations  in  the  worst  case  is  N!  JQ  (M  -  a).  When  n;  =  1 

i  =  1  a  =  0 

for  0  <  i  <  N,  the  total  number  of  different  allocations  in  the  worst  case  is  N!  MN. 

Indeed,  the  resource  allocation  problem  based  above  is  NP-hard  [5]-[8],  which  means 
that  our  optimal  algorithm  for  the  resource  allocation  problem  with  a  run-time  bound  that  is  a 
polynomial  function  of  the  number  of  resources  exists  if,  and  only  if,  a  class  of  combinatorial 
optimization  problems,  including  the  traveling  salesman,  maximum  clique,  and  the  satisfiability 
problems  can  be  solved  in  polynomial  time  [8],  [9].  The  evidence  indicates  that  in  all  likelihood 
any  problem  which  is  NP-hard  cannot  be  solved  by  an  algorithm  of  polynomial  time  complex¬ 
ity.  Therefore,  all  practical  algorithms  exploit  the  use  of  heuristics  to  reduce  the  computational 
requirements.  In  the  following,  we  develop  a  heuristic  mapping  algorithm,  which  has  been 
proven  to  be  asymptotically  optimal  for  series-parallel  process  structures  in  [5].  For  ease  of 
exposition,  we  first  develop  the  allocation  algorithm  for  the  case  where  there  are  no  contin¬ 
uity/consistency  or  the  same  starting  time  constraints,  and  then  extend  to  the  general  case. 

2.3.2  Key  Allocation  Equation 

The  workload  capacity  constraints  simply  restrict  the  feasible  resource  assignments  for 
a  process.  The  constraint  that  a  process  i  requires  n;  (>  1)  resources,  however,  imposes  addi¬ 
tional  synchronization  delays  since  a  process  P,  cannot  begin  execution  until  the  information 
from  all  the  resources  that  complete  the  parents  (predecessors)  of  process  Pj  is  available  at  the 
assigned  resource.  In  addition,  the  ordered  sets  Qp  are  not  disjoint,  since  a  process  P,  must  be 
acted  on  by  multiple  resources. 

To  drive  the  allocation  algorithm,  let  (Qi,  Q2,  Qm)  denote  partial  allocation  when 
process  Pj  is  being  considered  for  allocation.  In  addition,  let  Fi  denote  the  set  of  feasible 
resource  assignments  to  which  a  ready  process  Pi  can  be  assigned  without  violating  the 
workload  capacity  constraints,  i.e.. 
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(2-19) 


Fi-/Rq:di+  X  dj  ^  F-q 

1 

The  completion  time  of  process  Pi  at  resource  Rq  e  Fj  is  a  function  of: 

1 .  the  service  time  of  process  Pj  at  resource  Rq,  t,q ; 

2 .  the  time  at  which  the  data  from  immediate  predecessors  of  process  Pj  is  available  at 
resource  Rq;  and 

3 .  the  time  when  resource  Rq  becomes  available  (i.e.,  the  completion  time  of  the  last 
process,  say  Pa,  executed  on  resource  Rq,  Ca). 

Formally, 

Ci  (Ql,  Q2,  •••,  Qq  tJ  {Pi,  Sjq}, ...,  Qm)  =  siq  +  tjq  (2-20) 

where  s^  is  the  starting  time  of  process  Pi  on  resource  Rq,  and  tjq  is  the  corresponding  service 
time.  As  discussed  previously,  the  starting  time,  in  turn,  is  a  function  of  when  the  information 
from  the  resource  set  executing  the  parent  processes  of  process  Pi  becomes  available  at 
resource  Rq,  and  the  time  at  which  resource  Rq  is  available.  Specifically, 

Siq  =  max  (Diq,  Q  (Ql,  02 . Qq, . .  .  Qm  ))  (2-21 ) 

where  Djq  is  the  time  at  which  data  from  all  parents  of  process  Pi  become  available  at  resource 
Rq,  and  Pa  (with  completion  time  Q)  is  the  last  process  in  the  ordered  set  Qq.  The  earliest  time 
at  which  data  from  all  the  parents  of  process  Pi  become  available  at  resource  Rq  is: 


Diq=  max  /CjfQj.Qz,  ...,QM)  +  — - 
Pj6pi\  Fqjq 


(2-22) 


where  Pi  is  the  set  of  predecessor  processes  of  process  Pj,  and  Rq-j  is  the  resource  to  which 
process  Pj  is  assigned.  The  computation  implied  by  Eqs.  2-21  and  2-22  is  illustrated  in 
Fig.  2-4. 
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Times  at  which  data  q 

from  parents  is  available  q 


Figure  2-4.  Example  Timing  Diagram  for  Resource  Rq. 


2.3.3.  The  Heuristic  Algorithm 

The  heuristic  algorithm  consists  of  two  stages.  The  first  stage  employs  the  concept  of 
critical  path  to  determine  the  order  of  process  execution,  while  the  second  stage  sequentially 
allocates  the  tasks  from  the  ordered  list  to  resources  so  that  the  completion  time  of  the 
processes  is  a  minimum.  To  determine  the  order  of  process  allocation,  we  define  the  level  of 
process  Pi  as 


A;  =  max 
k 


min 
qe  Vr 


(2-23) 


where  Ilk  denotes  the  k1*1  path  from  process  P,  to  the  terminal  process  Pt.  By  construction,  the 
optimal  completion  time  of  the  terminal  process  Pt,  Ct*,  is  an  upper  bound  on  the  level  of  any 
process  Pj.  That  is, 

C*  >  max  Aj  (2-24) 

i 


Following  the  level  algorithm  of  [10]  and  Sethi  [1 1],  the  heuristic  algorithm  is  based  on  the 
premise  that  processes  with  larger  levels  should  be  executed  earlier  in  the  sequence.  If  several 
processes  Pj  have  the  same  level,  then  the  process  with  the  greater  number  of  successors 
should  be  executed  first  Thus,  we  construct  the  execution  order  of  processes  according  to 
nonincreasing  levels  first,  and  nonincreasing  successors  next  if  processes  have  the  same  level. 
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Once  the  priority  list  of  process  execution  is  constructed,  we  sequentially  allocate 

processes  to  resources  to  minimize  the  completion  time.  Specifically,  we  assign  process  P,  of 

*  *  * 

the  priority  list  to  nj  distinct  resources  Rqt  -  Rq2 » •  •  • » ®-q„ .  that  yield  minimum  completion 
time.  That  is,  the  assignments  Rqk  (1  <  k  <  nj)  are  such  that: 


Ci|Qi ,  Q2 »  Qq  1  | Pi ,  Sj  q^  | ,  ....  Qm| 

^  Ci|qi  ,  Q2»  •••»  Qq2  ^  |p>  »  S *  ^  QmJ  ~  " 

—  Cj|qi  ,  Q21  •••»  Qqni  ^  |Pi»  siqn;|  ’  •••*  Qm  —  ■ 

—  Q^Ql »  Q2»  •••»  Qq  jFjj  ^  j^*i’  si  q  |FjJ  j  ’  Qm| 


(2-25) 


where  Fj  was  defined  earlier  in  Eq.  2-19.  The  complexity  of  the  heuristic  mapping  algorithm  is 
0(MN).  The  heuristic  algorithm  proceeds  as  follows: 

Given  a  directed  process  graph  Gp  =  (Vp,  Ep)  and  resource  graph  Gr  =  (Vr,  Er)  with 
parameters  (vjj,  nj,  di,  tip,  Lp,  Ppq),  Mapper  computes  the  allocations  (Qi,  Q2, .  •  Qm  )•  Let 
y,  denote  the  set  of  immediate  successors  (children)  of  process  Pi  and  ft  represent  the  set  of 
immediate  predecessors  (parents)  of  process  Pi. 

Step  1:  Determine  the  level  of  each  process 

Z  =  (Pt) 

Repeat  until  Z  is  empty 

Select  a  process  Pi  of  Z  such  that  no  successors  of 
process  Pi  appear  in  Z 

Compute  the  level  of  processor  Pj  via 


Aj  =  max(Aj+  min  t^ 
j  £Ti  qcvp 

Z  =  Z- jPjj  u(5j 


end 
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Step  2:  Construct  a  priority  list  [  1]  [2] ...  [N]  by  sorting  A*  in  nonincreasing  order. 

Break  ties  on  the  basis  of  number  of  successors,  with  the  more  successors 
given  the  higher  priority. 

Step  3:  Qq  =  0  Vq 

For  j  =  1  to  N  DO 

i  =  [j] 

Form  a  feasible  set  of  processors  Fj  via  Eq.  2-19 
* 

Find  assignments  qk  (1  <  k  <  nj)  via  Eq.  2-25 

end 


2.3.4.  Extension  to  Include  Consistency/Continuity  and  Same-Starting-Time  Constraints 

Suppose  a  process  Pi  requires  n,(>l)  resources  for  execution.  Further,  it  is  required 
that  all  n,  resources  start  execution  on  process  Pj  at  the  same  time.  This  is  easily  accomplished 
in  Mapper  by  changing  the  starting  times  of  resources  Rq*  1  <  k  <  nj  to  the  latest  starting 
time  in  Eq.  2-25.  That  is, 


Siqk  =maxi 

Iv 


Q  Qi » Q2 > 


;  1  <  k  <  nj 


(2-26) 


The  consistency/continuity  constraint  requires  that  groups  of  processes  gk  should  be 
allocated  to  a  single  resource,  if  the  completion  time  does  not  exceed  a  prespecified  bound;  that 
is,  the  group  of  processes  gk  should  be  allocated  to  a  single  resource  if  C*  <  (1  +  e)  Ct  where 
Ct  is  the  completion  time  when  gk  is  allocated  to  a  single  resource,  Ct  is  the  completion  time 
when  the  consistency  constraint  is  removed,  and  e  is  a  user- specified  acceptable  bound 
(e.g.,  e  =  0.1  for  a  10  percent  deviation).  It  is  assumed  that  groups  of  process  gk, 
k=l,2,...,  NG  are  prioritized  with  NG  being  the  total  number  of  groups  (sets  of  processes); 
the  group  gi  has  the  highest  priority  and  the  set  gNG  has  the  lowest  priorty.  Mapper  extends 
the  algorithm  of  subsection  2.3.3  to  include  the  consistency/continuity  constraints  as  follows: 
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Given  a  directed  processor  graph  Gp  =  (Vp,  Ep)  and  resource  graph  Gr  =  (Vr,  Er)  with 
the  parameters  (Vij,  nj,  d,,  tip,  Lp,  jipq),  and  consistency  groups  gk,  (1  ^  k  <  NG),  Mapper 
computes  allocations  (Qi,  Q2, ....  Qm  )» querying  the  user  regarding  the  acceptability  of  the 
time  penalty  for  each  consistency  group  in  order. 

Step  1:  Apply  heuristic  allocation  algorithm  without  consistency/continuity  constraints. 

Let  Cth  be  the  completion  time  of  the  terminal  task.  Let  [1]  [2] . . .  [N]  be  the 
priority  list. 

Initialize  selection  flags  IG(k)  =  0 

Step  2:  For  all  groups  gk,  1  £  k  <,  NG,  DO 

Forj  =  1,2,...,  N  DO 

i=m 

If  i  e  gm-  where  m'  e  (1,2,...,  k-1)  aM  IG(m')  *  0,  update 
resource  available  times  and  completion  time  of  Pi 

else 

ifie  gk 

if  i  =  ikf,  the  first  process  in  gk, 

Find  assignments  of  process  Pi  as  in 
Eq.  2-25 

Assign  other  process  in  gk  to  the  same  set 
of  resources 

else 

if  i*  ikf  and  nj>nikf 

Find  assignments  of  process  Pj 
for  nikf  +  1, ....  nj  as  in 
Eq.  2-25 

end  if 
else 

Find  assignments  of  process  Pi  as  in  Eq.  2-25 

end  if 

end  if 
end 

If  Ct  <  (1  +  e)  Cth  then 
IG(k)  =  1 

Find  assignments  for  group  gk 

end  if 
end 
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2.4  EXAMPLE 

To  illustrate  the  potential  applicability  of  the  algorithm  described  in  subsection  2.3  we 
generate  a  realistic  mission  for  a  Control  and  Reporting  Center  (CRC)  (see  [12])  and  we  solve 
the  process  mapping  problem.  More  specifically,  consider  a  simplified  (and  hypothetical)  CRC 
organization,  given  in  Fig.  2-5,  with  the  following  resources: 

a)  Battle  Commander  ("COMMANDER"  in  the  figure),  the  senior  Air  Force  Officer  at 
the  CRC.  Minimum  qualifications  will  be  a  field  grade  officer  possessing  a  current 
1716/1744  Air  Force  Specialty  Code  (AFSC). 

b)  Senior  Director  ("SENIOR  DIRECTOR")  (with  1716/1744  AFSC). 

c)  Weapon  Assignment  Officer  ("WAO")  (with  1744  AFSC). 

d)  Air  Surveillance  Officer  ("SURVEILLANCE")  (with  1744  AFSC). 

e)  Weapons  Controller  ("WC")  (with  1744  AFSC). 

f)  Movements  and  Identification  Supervisor  ("M&I")  (with  27670  AFSC). 

g)  Staff  member  ("STAFF")  (with  27650  AFSC). 

h)  Staff  member  ("STAFF")  (with  27650  AFSC). 

i)  Staff  member  ("STAFF")  (with  27650  AFSC). 

The  organizational  structure  shown  in  Fig.  2-5  was  constructed  using  reference  [12]  for  the 
purpose  of  illustrating  the  process  mapping  problem  and  it  does  not  represent  any  existing 
organization. 

A  hypothetical  mission  is  postulated  with  37  processes.  The  mission's  objective  is  to 
track,  identify,  and  prosecute  10  aircraft  that  penetrated  the  airspace  under  the  control  of  the 
CRC.  The  described  mission  will  be  used  to  illustrate  the  process  mapping  problem  and  it  is 
not  intended  to  describe  an  actual  mission.  Fig.  2-6  shows  the  process  graph  for  this  mission, 
and  the  processes  are  defined  as  follows: 

a)  Track  Initiation  for  10  targets  (Pi).  This  is  the  starting  process  where  10  potential 
targets  were  identified  by  surveillance  and  their  tracks  were  initiated. 

b)  Movement  and  Identification  operation  for  each  target  (P2,  P3,  P4,  P5,  P6,  P9,  Pio* 
Pll.  Pi2>  Pl3)-  These  processes  are  responsible  to  insure  that  proper 
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Figure  2-5.  Resource  Organization 


classification  has  been  assigned  to  all  tracks.  In  fact,  in  this  mission  it  is  assumed 
that  processes  P2,  P3,  P4,  P5,  and  Pg  are  checking  all  ten  targets  and  that  they 
identified  only  5  of  them.  Then  processes  P9,  Pjo,  P11,  Pi2»  P13  continued 
the  identification  for  the  remaining  5  targets. 

c)  S  upervision  of  the  Movement  and  Identification  operation  (P7,Pj4).  This  process 
is  responsible  for  supervising  the  movement  and  identification  operations.  Specifi¬ 
cally,  process  P7  is  supervising  and  providing  direction  to  processes  P2,  P3,  P4, 
P5,  P6  and  process  P14  is  supervising  processes  P9,  P10,  P11,  P12,  and  P13. 

d)  Simation  Assessment  (Ps,  P17).  Process  Ps  is  responsible  for  assessing  the 
situation  after  the  movement  and  identification  of  the  10  targets  where  only  5  were 
identified,  and  process  P17  is  assessing  the  situation  after  the  remaining  5  targets 
were  identified. 

e)  Planning  (P15,  P19).  Processes  P15  and  Pi 9  are  generating  the  plan,  coordinating 
the  activities  with  other  units,  and  defining  the  activities  that  have  to  take  place  in 
the  CRC.  Usually  the  planning  processes  require  more  than  one  resource. 

f)  Information  update  and  exchange  (Pi6,  P20.  P29.  P34).  Update  and  check  the 
accuracy  of  the  information  on  the  vertical  plotting  board. 

g)  Aircraft  Allocation  (Pis,  P22).  Responsible  for  assigning  aircraft  to  the  mission. 

h)  Weapon  and  Target  Pairing  (P21 ,  P24X 
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Figure  2-6.  Process  Precedence  Constraints. 
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i)  Commit  Weapons  (P23,  P26)-  Authorize  the  weapon/target  pairing  and  the  aircraft 
assignments. 

k)  Issue  Necessary  Instructions  (P25,  P30F  Coordinate  activities  by  issuing  the 
necessary  instructions. 

l)  Weapon  controlling  activity  (P27,  P32X  Issue  such  instructions  as  necessary  to 
insure  an  orderly  flow  of  aircraft  to  assigned  targets,  obtain  pilot  weather  reports 
and  other  information,  provide  any  assistance  needed  to  aircrews. 

m)  Weapon  controlling  support  (P28,  P33).  Insure  that  adequate  supplies  and  support 
are  available  so  that  the  weapon  controlling  activity  is  successful. 

n)  Evaluation  of  battle  (P3 1,  P35) 

o)  Reporting  (P36) 

p)  End  of  mission  (P37). 

Tables  2-3  through  2-5  identify  some  of  the  characteristics  of  the  processes  for  this 
mission  and  the  characteristics  of  the  resources  in  the  CRC  organization.  As  described  in 
subsection  2.2,  these  characteristics  are  used  to  obtain  the  constraints  for  the  mapping  problem. 
Specifically,  the  processes  and  resources  for  this  example  have  the  following  characteristics: 

PC  1 :  The  graph  of  processes  Gp  =  (Vp ,  Ep)  with  precedence  constraints  is  given  in 
Fig.  2-6. 

PC2:  The  amount  of  information  (vjj)  transmitted  from  process  P;  to  Pj  is  1  message  for 
all  i  and  j. 

PC3:  The  number  of  resources  (nO  required  to  complete  process  P;  is  given  in  Table  2-3. 

PC4:  The  process  difficulty  (dj)  is  assumed  to  be  the  same  for  all  processes  and, 
therefore,  dj=l  Vi. 

PC5:  There  is  no  consistency/continuity  requirement  for  the  first  case.  A  consistency/ 
continuity  requirement  will  be  added  for  the  next  case. 

OC1 :  The  graph  of  resources  Gr  =  (Vr ,  Er)  with  precedence  constraints  is  given  in 
Fig.  2-5. 

OC2:  The  time  (t;p)  required  for  each  resource  Rp  to  complete  each  process  P;  is  given  in 
Table  2-4. 

OC3:  The  communication  rates  (p™)  between  resources  for  each  resource  Rp  and 
resource  Rq  are  given  in  Table  2-5. 

OC4:  The  work  load  capacity  (Lp)  for  resources  is  given  in  Table  2-5. 


22 


TABLE  2-3.  PROCESS  CONSTRAINTS 


Resources  required 
to  complete  process 

Process  difficulty 

Process  # 

Process  name 

Pi 

Track  initiation 
for  10  tareets 

1 

1 

Pi  P3  P4  P5  P6 
p9  P10P11  P12  Pn 

M&I 

1 

1 

P7  Pi4 

1 

1 

Plan 

3 

1 

P16P20P29P34 

IMOSSSi 

1 

1 

P8  Pl7 

KSSS9 

2 

1 

P18P22 

Aircraft 

Allocation 

1 

1 

P21P24 

B9I 

2 

1 

P23P26 

Commit 

Weapons 

2 

1 

P25P30 

2 

1 

P27P32 

WC 

2 

1 

P28P33 

WCT 

3 

1 

P31  P35 

Evaluation 

2 

1 

P36 

Report 

2 

1 

P37 

end 

1 

1 

R-7192 
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TABLE  2-4.  TIME  REQUIRED  BY  RESOURCES  TO  COMPLETE  PROCESS  N) 


Process  # 


Pi  5 

Pl9 

Pi  6 

P20  P29P34 

P8 

P17 

P18 

P22 

P21 

P24 

P23 

P26 

P25 

P30 

P27 

P32 

P28 

P33 

P31 

P35 

P36 

Process  name  Rj  R2  R3  R4 


oo  oo  10  oo 


M&I 


Supervision  20 


Plan 


Information 

Exchange 


10  10  5 


5 


10 


10  °° 


5 


10  <» 


20 


5  °° 


30  oo 


WC 


WCT 


Evaluation 


Report 


end 


I 

r4 

G 

£ 

Rs 

c- 

<a 

s 

V-/ 

r6 

r7 

Rs 

GO 

r9 

00 

00 

00 

00 

00 

00 

00 

00 

10 

20 

20 

20 

00 

00 

5 

00 

00 

OO 

10 

00 

20 

00 

00 

00 

00 

10 

10 

5 

5 

5 

5 

20 

5 

OO 

OO 

OO 

10 

15 

00 

00 

00 

OO 

10 

15 

OO 

00 

00 

00 

15 

20 

00 

00 

00 

00 

10 

OO 

00 

00 

00 

00 

5 

5 

00 

20 

20 

20 

15 

10 

00 

10 

10 

10 

10 

10 

00 

OO 

OO 

OO 

15 

15 

00 

60 

60 

60 

OO 

OO 

00 

OO 

OO 

OO 
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TABLE  2-5.  RESOURCE  CONSTRAINTS 
Work  Load  Capacity  Communication  Rate 


R-7194 

Using  the  resource  allocation  algorithm  described  in  subsection  2.3,  we  assigned  the 
processes  of  the  mission  to  the  resources  of  the  CRC  (as  shown  in  Fig.  2-7).  Note  that  the 
tasks  that  had  to  be  completed  by  more  than  one  resource  are  starting  at  the  same  time.  In 
addition,  note  that  the  movement  and  identification  processes  (P2-P6  and  P9-P13)  are  completed 
by  the  Movement  and  Identification  supervisor  (Resource  R$)  and  staff  members  while  the 
supervision  and  planning  (P7,  P14,  P15,  P19)  were  done  by  higher  ranked  officers  (Ri,  R2, 
R4).  Resource  Ri  completes  the  final  process  P10  at  228  min.  as  shown  in  Table  2-6.  The 
resource  utilization  for  this  process  mapping  is  given  in  Table  2-6. 

As  an  indication  of  how  such  parallel  processing  is  decreasing  the  completion  time  of 
the  mission,  let's  assume  that  there  is  a  "super  expert"  resource  with  no  workload  limitation 
that  can  perform  each  process  Pj  in  tj  time  ( t  j  =  nun  (t  jp ) ).  Then  we  will  consider  the  time 
required  for  the  centralized  solution  (the  "super  expert"  resource  completes  all  the  processes) 
and  compares  it  with  the  completion  time  of  the  parallel  solution.  For  this  example,  the  central¬ 
ized  solution  has  a  completion  time  of  633.2  min.  The  parallel  solution  has  a  completion  time 
of  228  min.  Therefore,  we  define  the  "speedup"  as  the  ratio  of  the  completion  time  of  the  cen¬ 
tralized  solution  and  the  parallel  solution  (2.78  in  this  case). 

Even  though  processes  Pi6,  P20>  P29.  and  P34  are  similar,  they  were  allocated  to  three 
different  resources  (R7,  Rg,  R9).  This  is  happening  because  the  three  resources  have  similar 
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Figure  2-7.  Resource  Allocation  for  the  CRC  Example. 

TABLE  2-6.  RESOURCE  UTILIZATION 


RESOURCE 

%  UTILIZATION 

TOTAL 

TIME  UTILIZED 

FINISH  TIME 

Resource  R1 

17.5 

40 

228 

Resource  R2 

46.0 

105 

197 

Resource  R3 

8.8 

20 

79 

Resource  R4 

35.1 

80 

219 

Resource  R5 

19.7 

45 

219 

Resource  R6 

21.9 

50 

79 

Resource  R7 

28.5 

65 

181 

Resource  R8 

28.5 

65 

181 

Resource  R9 

28.5 

60 

181 

characteristics  and  it  does  not  matter  to  what  resource  each  of  the  four  processes  is  allocated. 
This  can  be  avoided  by  introducing  the  consistency/continuity  constraint  of  having  the  four 
processes  (Pi6,  P20>  ?29»  P34)  completed  by  the  same  resource. 

Figure  2-8  shows  the  resource  allocation  when  the  consistency/continuity  constraint 
described  above  is  included  in  the  problem  formulation.  Note  that  in  this  case  the  four  pro¬ 
cesses  (Pi6,  P20,  P29,  P34)  were  completed  by  resource  R7.  The  price  that  we  paid  for  having 
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Figure  2-8.  Resource  Allocation  for  the  CRC  Example  with  the  Consistency/ 
Continuity  Constraint . 
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the  four  processes  completed  by  the  same  resource  was  an  approximate  3.9%  increase  in  the 
completion  time.  The  mission  is  finished  in  237  min.  (compared  with  228  min.  for  the  previ¬ 
ous  case);  the  resource  utilization  for  this  process  mapping  is  given  in  Table  2-7.  In  this  case 
the  centralized  solution  ("super  expert"  resource  performing  the  mission)  would  again  take 
633.2  min.  to  complete  the  mission  and  the  speedup  is  2.67. 


TABLE  2-7.  RESOURCE  UTILIZATION 


RESOURCE 

%UTILIZATION 

TOTAL 

TIME  UTILIZED 

FINISH  TIME 

Resource  R1 

16.8 

40 

237 

Resource  R2 

44.3 

105 

206 

Resource  R3 

8.4 

20 

79 

Resource  R4 

37.9 

90 

228 

Resource  R5 

25.3 

60 

228 

Resource  R6 

21.1 

50 

79 

Resource  R7 

25.3 

60 

181 

Resource  R8 

25.3 

60 

182 

Resource  R9 

21.1 

50 

172 
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To  show  the  effect  of  the  amount  of  information  transmitted  between  resources  on  the 
completion  time  of  the  mission,  the  same  example  was  used  with  each  process  transmitting  five 
messages  to  other  processes  instead  of  one  message  as  in  the  previous  case.  Figure  2-9  shows 


the  resulting  resource  allocation.  It  is  clear  that  the  organization  is  now  behaving  in  a  more 
centralized  manner,  with  most  of  the  processes  completed  by  R2,  R4,  and  R$.  For  example, 
most  of  the  movement  and  identification  activity  (P2,  P3»  P4,  P6,  P9,  Pi  1,  Pi2»  P13)  is  done  by 
the  M&I  officer  and  not  by  the  staff  as  happened  in  the  first  two  cases  (Figs.  2-7  and  2-8).  As 
a  result  the  mission  is  finished  in  490  min.  (compared  with  228  min.  and  237  of  the  previous 
cases);  the  resource  utilization  for  this  process  mapping  is  given  in  Table  2-8.  For  this  last  case 
the  speedup  is  1.3,  which  is  an  indication  that  the  solution  for  this  last  case  is  more  centralized 
than  the  solution  for  the  previous  cases. 
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Figure  2-9.  Resource  Allocation  for  the  CRC  Example  with  Increased 
Communication  Requirements. 
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TABLE  2-8.  RESOURCE  UTILIZATION 


RESOURCE 

"/..UTILIZATION 

Resource  R1 

7.1 

Resource  R2 

26.5 

Resource  R3 

4.1 

Resource  R4 

24.5 

Resource  R5 

6.1 

Resource  R6 

20.4 

Resource  R7 

8.2 

Resource  R8 

4.1 

Resource  R9 

2.0 

TOTAL 

TIME  UTILIZED 

FINISH  TIME 

35 

490 

130 

350 

20 

165 

120 

465 

30 

465 

100 

165 

40 

350 

20 

330 

10 

320 
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SECTION  3 


AN  APPROACH  TO  SENSITIVITY  ANALYSIS 

3. 1  SIMULATION  OF  C3  ORGANIZATIONS  USING  PETRI  NETS 

In  this  section  we  present  a  Petri  net  based  methodology  for  modeling  a  C3  organization 
performing  a  mission.  First  we  introduce  two  generic  models  of  a  resource  Rp  operating  on 
two  processes  Pi  and  P'i,  and  then  we  introduce  two  generic  models  for  using  communication 
links  between  resources.  Finally,  we  illustrate  the  use  of  the  Petri  net  model  to  determine  the 
sensitivity  of  the  performance  of  the  organization  performing  its  mission  to  parameter 
variations. 

Assume  that  process  Pi  is  preceded  in  the  process  graph  by  processes  Pj,. ..,Pk  and 
that  the  results  of  process  Pi  arc  needed  by  processes  Pm,...,Pn-  In  addition  assume  that  a 
different  process  P'i  is  preceded  by  processes  P  j,...JP’k  and  its  results  are  needed  by 
processes  P’m,...,P'n.  Figures  3-1  and  3-2  show  the  partial  precedence  process  graphs  for 
both  cases.  Finally,  it  is  assumed  that  resource  Rp  must  perform  both  processes  Pj  and  P'j. 

If  resource  Rp  can  perform  the  two  processes  in  any  order  (i.e.,  finish  Pj  first  and  then 
P'i  or  vice  versa),  then  the  two  processes  have  to  "compete"  for  the  resource  and  the  Petri  net 
model  is  given  by  Fig.  3-1. 

The  resource  Rp  is  modeled  as  a  place,  initially  with  one  token,  and  the  processes  Pj 
and  P’j  are  modeled  as  transitions.  The  completion  of  both  process  Pj  and  P'i  require  the 
availability  of  resource  Rp  and  the  completion  of  all  the  corresponding  preceding  processes  in 
their  process  graphs.  More  specifically,  when  process  Pj  is  completed  a  token  will  be  placed  in 
the  place  labeled  "from  process  Pj".  It  is  clear  that  if  all  the  processes  (Pj.-T'k)  are  completed 
and  the  resource  Rp  is  available  (token  present  in  the  "resource  Rp"  place)  then  the  transition 
"process  Pj  "  will  fire,  and  after  a  delay  of  tip  (processing  time  of  resource  Rp  for  process  Pi) 
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Figure  3-1.  Petri  Net  Representation  of  Rp  Performing  Pj  and  P'i  in  any 
Order. 


a  token  will  be  placed  in  each  of  the  output  places  and  the  resource  Rp  will  be  available  again. 
Similarly,  if  all  the  processes  (Pj,..,P’iJ  are  completed  and  the  resource  Rp  is  available,  then 
the  transition  "process  P';  "  will  fire,  and  after  a  delay  of  tip',  a  token  will  be  placed  in  each  of 
the  output  places  and  the  resource  Rp  will  be  available  again.  Since  both  processes  Pj  and  P'j 
need  the  same  resource  Rp,  the  first  process  with  all  the  preceding  processes  finished  will  use 
the  resource  Rp  first.  If  there  is  a  tie,  then  the  process  with  the  highest  priority  will  be 
performed  first. 

For  the  case  where  resource  Rp  has  to  perform  process  P,  first  and  then  performs  pro¬ 
cess  P'i,  the  Petri  net  model  is  given  in  Fig.  3-2.  In  this  case  resource  Rp  must  perform  Pj 
first,  and  then  when  process  Pi  is  completed  its  transition  in  the  model  fires  and  releases  Rp  to 
be  used  by  process  P'j.  In  this  case  even  if  all  the  preceding  processes  (P’j,...P’k)  are  com¬ 
pleted,  if  process  Pi  is  not  finished  process  P'j  cannot  start.  This  is  the  same  as  introducing  an 
additional  precedence  constraint  for  process  P'j,  not  included  in  the  process  graph. 
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Resource  Rp 


Figure  3-2.  Petri  Net  Representation  of  Rp  Performing  Pj  First  and  then  P’;. 


Next  we  introduce  two  generic  models  for  utilizing  communication  links  to  transmit  the 
necessary  information  from  one  process  to  the  others.  For  the  development  of  the  generic 
models  we  assume  that  process  Pi  (performed  by  Rp)  uses  the  communication  link  p-q  (from 
resource  Rp  to  resource  Rq)  to  transmit  information  to  process  Pj  (performed  by  Rq),  and  that 
process  Pic  (performed  by  Rp)  uses  ihe  same  link  Gink  p-q)  to  transmit  information  to  process 
Pi  (performed  by  Rq).  Fig.  3-3a  shows  a  model  of  the  communication  link  usage  when  both 
processes  can  transmit  information  in  any  order  (the  link  is  used  first  by  process  Pj  and  then  by 
process  Pk,  or  vice  versa).  When  process  Pj  is  completed  a  communication  delay  equal  to 
v;j/Hpq  is  necessary  to  transmit  the  results  via  link  p-q,  and  when  process  Pk  is  completed  the 
communication  delay  for  using  the  link  p-q  is  vu/Hpq. 
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Figure  3-3.  Petri  Net  of  the  Communication  Link  with  no  Prescribed  Order. 


Each  communication  delay  is  modeled  as  a  transition  (with  the  corresponding  commu¬ 
nication  delay)  that  has  as  inputs  the  token  coming  from  the  completion  of  the  corresponding 
process  (Pj  or  Pk)  and  the  token  representing  the  availability  of  the  communication  link  p-q. 
Note  that  the  link  p-q  is  shared  and  it  will  not  be  available  at  all  times  for  both  processes.  For 
convenience  the  shaded  region  in  Fig.  3-3a  will  be  replaced  by  a  box  with  "p,q"  representing 
the  communication  link  p-q  as  shown  in  Fig.  3-3b. 

Figure  3-4  shows  the  model  of  the  communication  when  process  Pj  must  use  the  link 
first.  In  this  case  the  two  processes  (Pi  and  Pk)  do  not  "compete”  for  the  communication  link. 
When  process  Pi  is  finished  using  the  link  p-q,  a  token  is  generated  indicating  that  link  p-q  is 
available  for  process  Pk. 


33 


r 


Communication 


Link  p~q 


Toother 

communication  links 
and  resources 


From  other 
communication  links 
and  resources 


Toother 

communication  links 
and  resources 


To  other 

communication  links 
and  resources 


(a) 


Communication 


Figure  3-4.  Petri  Net  of  the  Communication  Link  when  Pi  Must  Use  it  Before  Pj. 


In  subsection  2.3  we  introduced  Mapper  for  finding  the  optimal  or  near-optimal 
mapping  of  processes  onto  resources  in  C3  organizations.  In  this  section  we  use  Petri  nets  to 
analyze  the  sensitivity  of  the  solution  by  simulating  the  organization  performing  the  mission 
(sequence  of  processes).  The  idea  is  to  model  the  organization  structure  that  completes  the 
processes  and  then  to  vary  certain  parameters  and  analyze  the  effects  of  the  variation  on  the 
performance  of  the  system. 
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To  do  the  mapping  we  also  used  the  following  information: 

a)  Time  required  for  each  resource  to  complete  each  process 

b)  Amount  of  information  transmitted  from  process  to  process 

c)  Communication  rates  between  resources 

As  stated  previously,  the  completion  of  a  process  by  a  resource  is  modeled  as  a  transition,  with 
its  delay  being  the  time  required  by  that  resource  to  finish  the  process.  One  can  combine  the 
amount  of  information  transmitted  from  process  to  process  and  the  communication  rates  to  find 
the  communication  time  between  resources  for  a  specific  process  assignment.  This 
communication  can  then  be  modeled  as  a  transition  whose  delay  is  the  communication  time 
required  by  the  resources  performing  the  processes. 

The  effects  of  errors  in  the  estimates  of  the  processing  time  required  for  each  resource  to 
complete  each  process  and  the  communication  delay  between  resources  may  be  analyzed  by 
changing  these  values,  simulating  the  perturbed  system,  and  examining  the  new  completion  time 
of  the  final  process  and  the  new  resource  utilizations.  An  example  of  the  process  is  given  below. 

3.2  EXAMPLE 

Consider  the  simple  process  sequence  and  organization  structure  shown  in  Fig.  3-5. 


I  P10  1  R-7154 

Figure  3-5.  Process  Graph  and  Resource  Graph  of  an  Example. 
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Tables  3-1  through  3-3  identify  all  the  characteristics  of  the  processes  and  the 
resources,  which  are  used  to  obtain  the  constraints  for  the  process  mapping  problem. 
Specifically,  the  processes  and  resources  for  this  example  have  the  following  characteristics: 

PCI :  The  graph  of  processes  Gp  =  (Vp ,  Ep)  with  precedence  constraints  is  given  in 
Fig.  3-5. 

PC2:  The  amount  of  information  (vjj)  transmitted  from  process  Pi  to  Pj  when  the 
transmission  exists  is  given  in  Table  3-1  (in  number  of  messages). 

PC3:  The  number  of  resources  (nj)  required  to  complete  process  Pj  is  ni=l  for  all 
processes. 

PC4;  The  process  difficulty  (dj)  is  assumed  to  be  the  same  for  all  processes  and, 
therefore,  d;=l  Vi. 

PC5:  There  is  no  consistency/continuity  requirement  in  this  example. 

OC1:  The  graph  of  resources  Gr  =  (Vr ,  E*)  with  precedence  constraints  is  given  in 
Fig.  3-5. 

OC2:  The  time  (tip)  required  for  each  resource  Rp  to  complete  each  process  Pi  is  given  in 
Table  3-2. 

OC3:  The  communication  rates  (p™)  between  resources  for  each  resource  Rp  and 
resource  Rq  are  given  in  Table  3-3. 

OC4:  The  work  load  capacity  (Lp)  for  this  example  is  assumed  to  be  Lp  =  10  for  all  the 
resources. 

We  use  the  algorithm  of  subsection  2.3  to  minimize  the  completion  time  of  the  last 
process  (in  our  case  Pio)  under  the  same  constraints  described  in  subsection  2.2: 


roinCsiOp+tiOp) 


RpeV 


(3-11) 


Figure  3-6  shows  the  resulting  use  of  the  communication  links  and  the  process-to-resource 
assignments.  For  example,  resource  R2  completes  Pi  (0-10sec.)  and  then  the  same  resource 
completes  P4  (10-40sec.).  Note  that  although  P4  requires  data  from  Pj,  there  is  no 
communication  delay  since  R2  is  performing  both  processes.  The  result  of  P4  has  to  be 
transmitted  from  R2  to  Rj  (40-50sec.)  so  that  resource  Ri  can  start  processing  P7.  At  the  end, 
resource  Ri  has  to  complete  the  final  process  Pk>;  processes  P9  and  Pe  precede  Pio,  and  before 
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TABLE  3-1.  AMOUNT  OF  DATA  TO  BE  TRANSMITTED 
FROM  PROCESS  TO  PROCESS 
K  Number  of  messages  transmitted  to  process 


P4  P5  P6  P7  P8  P9  |P10 


10 
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TABLE  3-2.  TIME  REQUIRED  BY  RESOURCES  TO 
COMPLETE  EACH  PROCESS  (SEC) 
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TABLE  3-3.  COMMUNICATION  RATE  FOR  LINKS 
Messages/sec 
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Figure  3-6.  Communication  Link  Use  and  Resource  Allocation 
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Pio  stans  the  results  of  P6  and  P9  are  communicated  to  Ri  via  the  links  R1-R2  and  R1-R3-R4. 
Note  that  there  is  not  a  direct  link  between  R4  and  Ru  that  is  why  the  path  R1-R3-R4  was  used 
to  transmit  the  results  of  P6  from  R4  to  Ri-  One  can  see  that  the  (P1-P4-P7-P10)  path  is  a 
critical  one  because  any  small  variation  in  the  process  completion  and  communication  delays  in 
the  path  will  cause  the  final  time  to  vary  by  the  same  amount. 

In  order  to  simulate  the  organization  performing  the  processes  according  to  the  process- 
resource  assignment,  a  Petri  net  has  to  be  constructed.  The  generic  models  introduced  in 
subsection  3.1  will  be  used  to  construct  two  different  Petri  nets.  The  first  step  for  both  Petri 
nets  is  to  construct  the  sequence  of  processes  as  described  in  the  process  graph  with  the 
communication  links  (see  Fig.  3-7).  (The  boxes  representing  communication  links  in  Fig.  3-7 
were  defined  in  subsection  3.1.) 

In  the  first  Petri  net  we  will  model  the  solution  of  the  process  mapping  problem  pre¬ 
serving  the  order  of  completion  of  the  processes  and  the  order  of  usage  of  the  communication 
links.  That  is  to  say  that  for  this  specific  example  resource  Ri  will  first  complete  process  P7 
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and  then  process  Pio,  similarly  resource  R2  will  first  complete  process  Pi,  then  process  P4, 
etc.  The  communication  link  1-2  (from  resource  Ri  to  resource  R2)  will  transmit  the  results  of 
process  P4  to  process  P7  first  and  then  it  will  transmit  the  results  of  process  P9  to  process  Pio- 
In  similar  fashion  the  completion  order  of  the  processes  and  the  order  of  the  usage  of  the  links 
is  preserved.  Figure  3-8  shows  the  complete  Petri  net  for  this  case.  Note  that  the  Petri  net  in 
Fig.  3-8  can  be  generated  automatically  from  the  Mapper  solution. 

Using  the  Petri  net  of  Fig.  3-8  one  can  determine  the  sensitivity  of  the  organization  to 
variations  in  different  parameters.  For  example,  in  Fig.  3-9a  the  change  in  completion  time 
Sti+hi  (note  that  since  Pio  is  the  terminal  process,  sti=sio,i  and  tn=tio,i)  is  found  by  varying 
the  time  required  for  resource  R4  to  complete  process  P2.  One  can  see  that  nominally  the  path 
(P1-P2-P5-P8-P9-P10)  in  the  process  graph  is  not  the  critical  one.  When  the  variation  of  the 
time  necessary  for  resource  R4  to  complete  P2  (t2,4)  is  greater  than  7.5,  the  same  path  becomes 
the  critical  one  and  consequendy  the  completion  time  becomes  linear  to  the  t2,4  variation. 
Similarly  in  Fig.  3-9b  the  completion  time  (sti+tn)  is  found  by  varying  the  time  required  for 
resource  R2  to  complete  process  P4  (At4,2).  Nominally,  the  path  (P1-P4-P7-P10)  is  the  critical 
path  and  the  variation  of  the  completion  time  of  the  final  process  sti+tn  is  linear  in  the  variation 
in  t4,2-  If  At4,2  is  decreased,  there  is  a  point  where  the  same  path  is  no  longer  critical,  and  the 
At4,2  no  longer  affects  the  completion  time  sti+tu. 
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Figure  3-9.  Sensitivity  to  Completion  Time. 


In  Fig.  3-10  the  completion  time  of  the  final  process  is  found  for  different  amounts  of 
communication  V12  (number  of  messages)  transmitted  from  process  Pi  to  process  P2.  It  is 
clear  that  processes  Pi  and  P2  are  not  in  the  critical  path  until  the  required  communication  V12  is 
increased  by  15  messages.  Then  the  path  with  processes  Pi  and  P2  becomes  critical  and  the 
increase  in  V12  causes  the  final  time  to  increase  accordingly. 


R-7159 

Figure  3-10.  Sensitivity  to  Message  Number. 

In  the  second  Petri  net  model  the  order  of  completion  of  the  processes  and  the  order  of 
the  communication  usage  of  the  links  are  not  nessessarily  preserved.  The  resources  and  the 
communication  links  are  used  in  a  first-come,  first-served  basis.  In  the  specific  example 
resource  R4  still  completes  process  P2  and  Pg,  but  not  necessarily  in  the  order  given  by  the 
solution  from  the  resource  allocation  algorithm.  Figure  3-11  shows  the  second  Petri  net  model. 
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Figure  3-11.  Petri  Net  without  Preserved  Sequences. 

With  the  Petri  net  in  Fig.  3-1 1,  if  the  communication  and  processing  delays  of  the 
resources  are  changed,  the  order  of  execution  of  the  processes  may  also  change;  this  is  true 
because  the  availability  of  the  resources  and  the  communication  links  will  differ.  Note  that  the 
Petri  net  in  Fig.  3-1 1  can  also  be  generated  automatically  from  the  solution  of  the  resource 
allocation  problem. 
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In  Fig.  3-12  the  completion  time  of  the  final  process  is  found  for  different  amounts  of 
communication  V12  (number  of  messages)  transmitted  from  process  Pj  to  process  P2;  (compare 
Fig.  3-12  with  Fig.  3-10).  The  discontinuity  in  the  plot  of  Fig.  3-12  is  due  to  the  fact  that  for 
low  V12  resource  R4  is  operating  on  process  P2  before  it  starts  operating  on  process  Pg.  In 
contrast,  when  V12  is  increased  by  more  than  47  messages,  process  Pg  is  completed  first.  Note 
that  process  P2  and  process  Pg  can  be  performed  in  parallel  because  there  is  not  a  precedence 
constraint  between  them.  Therefore,  the  discontinuity  indicates  that  for  large  V12  a  reconfigu¬ 
ration  in  the  organization  (i.e.,  process  reassignment)  may  be  necessary.  If  is  stochastic 
with  wide  variations  (large  standard  deviation),  one  may  want  to  change  the  resource  mapping 
to  one  that  will  be  more  robust  to  these  kinds  of  variations  (i.e.,  P2  and  P6  to  be  performed  by 
different  resources). 


Figure  3-12.  Sensitivity  to  Message  Number  —  Without  Preserving  Sequences. 

Figure  3-13  shows  the  optimal  process  mapping  for  the  case  where  the  amount  of 
communication  between  process  Pi  and  process  P2  is  increased  by  50  messages  (V12  =  55). 
One  can  see  that  process  P2  is  now  completed  by  resource  Rj,  which  also  completes  process 
Pi.  Consequently,  the  communication  cost  to  transmit  information  between  Pi  and  P2  is  zero 
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Figure  3-13.  Communication  Link  Use  and  Resource  Allocation  —  Increased  Communication. 

because  no  communication  link  is  utilized.  A  wide  variation  in  V12  will  not  cause  catastrophic 
delays  as  in  the  previous  case. 

Note  that  the  completion  time  (115  sec.)  of  the  final  process  for  the  new  solution  as 
shown  in  Fig.  3-13  is  approximately  4.55  percent  greater  than  the  completion  time  (1 10  sec.) 
of  the  original  solution  (shown  in  Fig.  3-6).  For  4.55  percent  deterioration  in  nominal 
performance,  the  new  solution  is  robust  to  wide  variations  in  the  amount  of  information  (v^) 
transmitted  between  processes  Pi  and  P2.  If  Fig.  3- 13a  is  compared  with  Fig.  3-6a,  it  is  clear 
that  the  greater  communication  cost  (AV12  =  50)  caused  fewer  communications  and,  therefore, 
more  centralized  processing  (i.e.,  resource  R2  completes  Pi,  P2,  P4,  P5,  Ps,  P9). 
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SECTION  4 


CONCLUSION  AND  FUTURE  RESEARCH 

4. 1  CONCLUDING  REMARKS 

In  this  report  we  have  developed  the  Mapper  algorithm  to  map  missions  onto  organiza¬ 
tions  consisting  of  resources  of  varying  capability,  communication  connectivity,  and 
communication  channel  capacity.  The  objective  is  to  minimize  the  completion  time  of  the 
mission  without  violating  the  constraints  that  are  defined  in  terms  of  the  requirements  of  the 
processes  and  the  capabilities  of  the  resources. 

The  organization  performing  the  mission,  with  the  process  mapping  specified  by 
Mapper,  is  modelled  using  Petri  nets.  The  model  can  be  generated  automati  Ily  from  the 
definition  of  the  organizational  structure  and  the  Mapper  solution.  Then  simulations  can  be 
performed  examining  the  sensitivity  of  the  overall  performance  to  changes  in  the  parameters  of 
the  mission  and  organization. 

To  illustrate  the  results  two  examples  were  used.  In  the  first  example  a  Control  and 
Reporting  Center  (CRC)  was  used  to  complete  a  mission  with  37  processes.  A  second  more 
simple  example  illustrated  both  the  resource  allocation  solution  and  the  modeling  and  analysis 
of  the  organization  with  Petri  nets. 

4.2  RESEARCH  ISSUES 

Usually  in  C3  organizations  there  is  a  tradeoff  between  the  time  required  for  an  organi¬ 
zational  element  to  complete  a  task  and  the  quality  of  its  performance.  In  the  formulation  of 
the  process  mapping  problem  given  above,  the  objective  was  to  minimize  the  completion  time 
of  the  final  process  without  taking  into  account  the  quality  of  the  performance  of  each  resource. 

More  research  is  needed  to  incorporate  the  performance  error  for  each  resource.  One 
approach  is  to  define  for  each  resource-process  (Rq-Pj)  pair  a  performance  curve  similar  to  the 
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curves  shown  in  Fig.  4-1.  In  essence  the  error  curve  is  a  measure  of  the  quality  of  the  perfor¬ 
mance  of  the  resource  when  it  operates  on  a  process.  These  curves  can  be  derived  from  the 
capabilities  of  the  resource.  Future  work  should  also  address  developing  error  curves  for 
multiple  resources  performing  a  process,  where  phenomena  such  as  diminishing  returns  and 
synergism  can  be  represented. 


R-7163 

Figure  4-1.  Typical  Performance  Error  for  Resources  Performing  in  a  Process. 


Having  performance  error  curves  for  each  resource-process  pair,  one  can  formulate  the 
process  mapping  problem  using  a  crite;  Ion  such  as  the  following: 

a)  Minimize  the  product  of  the  overall  error  (a  weighted  sum  of  the  individual  errors) 
and  the  completion  time,  or 

b)  Minimize  completion  time  such  that  the  overall  error  is  bounded  by  an  a  priori 
defined  upper  limit,  or 

c)  Minimize  the  completion  time  such  that  the  overall  error  is  bounded  by  an  a  priori 
defined  upper  limit  and  certain  processes  have  to  be  executed  with  specific 
accuracies. 

Currently  Mapper  assumes  that  the  resources  can  communicate  among  themselves  and 
perform  processes  at  the  same  time  (in  parallel).  For  many  resources  this  is  true  (i.e.,  ships, 
tanks,  airplanes,  computers,  etc.)  but  for  others  (i.e.,  humans)  the  assumption  may  not  be 
valid  We  must  augment  the  algorithm  with  the  flexibility  of  defining  whether  the  resource  can 
communicate  and  operate  on  missions  in  parallel  or  only  in  series. 
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Another  research  issue  is  enhancing  the  flexibility  of  the  workload  capacity  constraint. 
Specifically,  each  resource  should  be  allocated  to  minimize  the  completion  time  of  the  mission. 
In  case  there  is  more  than  one  resource  that  can  perform  a  p  ss  with  the  same  completion 
time,  the  resource  with  more  free  time  (slack  time)  should  be  chosen  to  perform  the  process. 

In  this  way  we  are  distributing  the  resources  in  a  better,  more  uniform  way.  In  fact,  the 
algorithm  should  provide  enough  flexibility  so  that  one  can  choose  if  it  is  desired  to  trade  off 
better  distribution  of  the  resources  for  larger  completion  time. 

The  technique  should  be  generalized  to  address  the  performance  of  multiple  missions 
by  an  organization  and  priorities  among  those  missions  or  mission  elements.  The  dependence 
of  task  difficulty,  and  perhaps  task  number,  upon  aspects  of  the  external  environment  (such  as 
number  of  aircraft  in  an  enemy  raid)  should  also  be  explicitly  incorporated.  As  mentioned  in 
subsection  2.2,  Mapper  currently  allows  only  one  type  of  time  overlap  (at  the  start)  for  multiple 
resources  performing  a  process.  It  may  be  useful  to  allow  other  forms  of  overlap  as  well. 

Finally,  some  consideration  should  be  given  to  a  technique  for  "closing  the  loop"  in  the 
mapping  process  or,  for  that  matter,  the  overall  organization  design  process  illustrated  in 
Fig.  1-1.  The  sensitivity  analysis  technique  we  have  presented  is  manual,  and  an  automated 
technique  is  needed  for  searching  the  parameter  spaces  for  sensitivities,  and  transforming  those 
sensitivities  into  improvements  in  process  assignments  or  organizational  changes. 
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SYMBOLS 


Ai  Level  of  process  i 

Ct  Completion  time  of  process  t 

di  The  difficulty  of  process  i 

Djq  Time  at  which  data  from  all  parents  of  process  i  become  available  at  resource  q 
e  An  element  of 

Ep  Set  of  ordered  process  pairs  denothing  data  dependencies 

Er  Set  of  unordered  resource  pairs  denoting  communication  links 

Fi  Set  of  feasible  resources  to  which  process  i  can  be  assigned  without  violating  the 

workload  capacity  constraint 

G  Goal 

gi  The  i*  consistency/continuity  constraint  —  a  group  of  processes  to  be  completed  by  a 

single  resource 

Lp  Workload  capacity  of  resource  p 

M  Number  of  resources 

N  Number  of  processes 

N  G  Number  of  specified  groups  of  processes 

nj  The  number  of  resources  required  to  complete  process  i  (all  resources  start  at  the  same 

time) 

O  Organizational  element 

Pi  Process  i 

Qp  Sequence  of  ordered  pairs  representing  process  sequence  performed  by  resource  p 

Rq  Resource  q 

sip  Time  that  resource  p  starts  on  process  i 

tjp  Time  required  for  resource  p  to  complete  process  i 

vjj  Amount  of  information  that  must  be  transmitted  from  process  i  to  process  j 

Vp  The  set  of  all  processes  in  the  mission 

Vr  The  set  of  all  resources  in  the  organization 

Ppq  Communication  rate  between  resources  p  and  q 

V  For  all 

3  There  exists 
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